A determinação de triptofano usando voltametria de varredura rápida com um ultramicroeletrodo de fibra de carbono (CF-UME) é descrita. O eletrodo CF-UME foi submetido a um pré-tratamento eletroquímico. Parâmetros tais como número de aquisição de ciclos, velocidade de varredura, intervalo de potencial e pré-tratamento eletroquímico da superfície foram otimizados. Sob condições ideais, três curvas analíticas foram obtidas para o triptofano (entre 30 e 300 µmol L -1 ) usando três diferentes CF-UME pré-tratados através de um procedimento de tratamento eletroquímico otimizado. Observou-se uma dependência na sensibilidade e concentração do triptofano com o raio do eletrodo, com limites de detecção entre 16,7 e 22,7 µmol L -1
Introduction
Tryptophan (l-2-amino-3-(indol-3-yl)propionic acid, Trp, Figure 1 ) is a vital constituent of proteins and it is an essential amino acid for humans, helping in the normal growth of infants establishing and maintaining a positive nitrogen balance in adults. Trp cannot be synthesized by the mammal body, being frequently added to dietary and feed products as a fortifier and to pharmaceutical formulations to supplement the typical diet, sometimes deficient in vegetables. The common side effects of Trp high dosages are drowsiness, nausea, dizziness and loss of appetite. 1, 2 Trp is considered exceptional in its diversity of biological functions. It is a precursor of hormones, neurotransmitters, 
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Vol. 24, No. 8, 2013 in particular serotonin, and other relevant biomolecules, as melatonin and niacin. It is essential for people with sleep deprivation, anxiety and mood enhancement due to its ability to increase brain levels of serotonin and melatonin. It has been implicated as a possible cause of schizophrenia in people who cannot properly metabolize Trp. 3 Therefore, several methods have been established for Trp determination in a variety of sample matrices, mainly based on high performance liquid chromatography (HPLC), as the most recent ones described in the references, [4] [5] [6] [7] [8] [9] and spectrophotometric methods. [10] [11] [12] [13] Electroanalytical methods have also been used for the Trp determination due to their simplicity, sensitivity, low cost and low waste generation. Many strategies for the modification of graphite are presented in Table 1 , the glassy carbon and carbon paste electrodes regarding the Trp determination with a large range of limits of detection (LOD) are pointed. Although many low limits are observed, sometimes, this requires modifications involving toxic substances that can restrict the use of a device in an in vivo and/or single cell procedures.
Unmodified carbon electrodes have also been used for the Trp determination. Wang et al. 38 determined Trp in synthetic serum samples, using an adsorptive stripping voltammetric method at an electrochemically pre-treated unmodified carbon paste electrode. Fiorucci and Cavalheiro 39 determined Trp in pharmaceutical formulations using a bare carbon paste. Using a boron-doped diamond electrode in differential pulse voltammetry (DPV), Zhao et al. 40 determined simultaneously Trp and In this work, bare carbon fiber ultramicroelectrodes (CF-UME) were proposed to act as sensors in sensitive determinations of Tryptophan. The advantages of using such devices are, of course, their small sizes that can suggest the in vivo use in the future.
Experimental

Reagents and solutions
All chemicals were of analytical reagent grade. Monobasic sodium phosphate monohydrate (Mallinckrodt), anhydrous dibasic sodium phosphate (Mallinckrodt) and Trp (Synth) were used as received.
Stock solutions of Trp were prepared daily, just before use, in 70 mmol L -1 phosphate buffer (pH 7.4). All the determinations were performed at room temperature and without deaeration.
The samples 1-4 were Buclamin (Teuto), Organoneuro Óptico (Gross), Panvit (Teuto) and Profol (Medley), respectively.
According to the Brazilian Pharmacopea, 41 twenty tablets of each solid pharmaceutical sample were ground and a selected amount, equivalent to one tablet (average mass of 20 tablets), was dissolved in phosphate buffer and filtered in order to eliminate insoluble excipients.
Electrodes
A saturated calomel electrode (SCE) was used as a reference electrode and a carbon fiber (7-8 µm diameter; CTA, Brazil) was used as working electrode.
The fabrication of the carbon fiber ultramicroelectrodes (CF-UME) was adapted from previously described procedure. 42, 43 Briefly, the carbon fiber was first connected to a copper wire with the help of a silver epoxy (EPO-TEK 410E, Epoxy Technology, USA) and left to cure for 24 h. After that, this set was sealed in a micropipette tip with a polyurethane resin (Poliquil, Brazil). The CF-UME electrode was left overnight at room temperature. After curing, the tip of the electrode was gently sanded off in a polishing wheel (Arotec, Brazil) using 600 grit silicon carbide paper (Arotec, Brasil), and finally, the surface was gently polished in the polishing wheel with g-alumina suspension (0.1 µm particle size) (Arotec, Brazil). Before use, the polished electrodes were sonicated 44, 45 in isopropyl alcohol and in doubly distilled water for 5 min in each solvent.
Electrochemical pretreatment of CF-UME
As there is not a universal procedure for electrode pretreatment in order to generate a stable surface that allows a base for the background subtract procedure, in this work, three electrochemical pretreatments were tested and selected on the basis of the fast-scan voltammetry (FSV) procedure results.
(i) Procedure adapted from Brajter-Toth et al.: 42 in this case, CF-UME was submitted to 4000 consecutive cycles of potential between -1.0 and +1.5 V (vs. SCE) at 10 V s -1 in 70 mmol L -1 phosphate buffer solution (pH 7.4).
(ii) Procedure adapted from Hernández et al.: 46 in this case, CF-UME was submitted to 120 consecutive cycles of potential between 0.0 and 1.5 V (vs. SCE) at 200 mV s -1 in 70 mmol L -1 phosphate buffer solution (pH 7.4). (iii) Procedure adapted from Crespi: 47 in this case, CF-UME was submitted to three different treatments using cyclic voltammetry (560 cycles between 0 and 3 V at 420 V s -1 ; 700 cycles between 0 and 2.5 V at 350 V s -1 and 700 cycles between 0 and 1.5 V at 210 V s -1 ), followed by the application of a +1.5 V potential for 5 s and -0.9 V for 5 s, in 100 mmol L -1 phosphate buffer solution (pH 7.4).
Instrumental
The FSV experiments were performed using an AUTOLAB potentiostat/galvanostat PGSTAT30 (Eco Chemie, The Netherlands) equipped with a Scan-Gen and an ADC-750 modules for high scan rate and slow current acquisition, respectively, coupled to a personal computer and controlled with a GPES 4.9 software (Eco Chemie). A two electrode configuration cell was used inside a homemade Faraday cage during the FSV measurements in order to minimize the environmental noise.
For the tryptophan determinations, a pre-defined number of scans was recorded under a set of optimized experimental conditions such as scan rate (69.60-117.7 V s -1 ), potential window (-1.0 to 1.5 V) and number of acquisition scans (150-200). The measured currents were averaged and stored.
Before each measurement, the background currents were recorded in the supporting electrolyte without analyte, under exactly the same experimental conditions used in the analytical determinations of tryptophan. These currents were stored, averaged and used later for digital background subtraction 48, 49 from the tryptophan voltammograms with the help of a personal computer. Vol. 24, No. 8, 2013 Comparative spectrophotometric method A spectrophotometric procedure was performed according to Verma et al., 50 which is based on a specific reaction for compounds that present indolic groups in their structures. The procedure involves a specific reaction of HNO 2 with indols whose product is monitored at 400 nm.
Results and Discussion
According to works in the literature, 51, 52 Trp undergoes an oxidative process involving one step and a two electron reaction, resulting in a methylene-imine intermediate. These intermediates can react with water generating other electroactive species that can present oxidation/ reduction peaks in the successive voltammmetric cycling in fast-scan.
Evaluation of the pretreatment procedure performance using FSV
The electrochemical pretreatment of the CF-UME surface was necessary in order to reach a stable and reproducible surface. This is the basis of the background subtraction procedure. 48, 49 According to McCreery and Cline, 53 the electrochemical pretreatments are the easiest ones to be performed in the CF-UME surface. However, although there are several different kinds of proposed activation/stabilization procedures in the literature, there is not hitherto to general procedure that could be used for any analyte/medium and a specific treatment should be optimized in each case.
For instance, three pretreatments were chosen to be evaluated as the best for this specific case. Better peak definitions related to the irreversible oxidation of Trp at 0.804 V (vs. SCE) were found using the pretreatment adapted from the Hernández et al. 46 procedure, as presented in Figure 2 .
In order to perform the background subtraction, it is imperative that a stable and reproducible response be reached. From curves in Figures 2a and 2c , it is possible to conclude that the Brajter-Toth et al. 42 and Crespi 47 procedures resulted in funny shaped voltammograms after the subtraction, suggesting that they resulted in non-stable responses. However, the Hernández et al. 46 procedure (Figure 2b ) was well succeeded in meeting this goal, being thus chosen for future use.
In addition, the Hernández et al. 46 procedure gave higher peak currents when compared with those from the Brajter-Toth et al. 42 treatment, although the shapes of the voltammograms are quite similar. Meanwhile, the Crespi 47 procedure led to a relatively high current with low definition of the voltammogram.
Evaluation of the best potential interval for the electrochemical pretreatment and measurements Thus, using the Hernández et al. 46 procedure, different potential intervals were evaluated in the range of -1.0 V to +1.1, +1.2, +1.3, +1.4 or +1.5 V (vs. SCE).
Better definition of baseline and higher peak currents were found within the -1.0 to +1.5 V range, which was chosen for further studies, as shown in Figure 3 . Trp solutions using CF-UME pre-treated by the procedure adapted from Hernández et al. 46 Similar conditions as described in Figure 2 , except for inversion potential.
The influence of inversion potentials towards negative values was not investigated because the electrode treatment procedure is well established. As the positive potentials induce the generation of functional groups, and consequently changes the electrode surface, only the positive branch was considered in such case.
Number of acquisition cycles
Although in conventional scan rates only one cycle can be enough to define the voltammogram, in fast-scan voltammetry, it is necessary to acquire a certain number of cycles and subtract the background due to the huge increase in the capacitive current that, along with noise increase, makes the measurements of Faraday currents of the redox process of interest more difficult. 44, 54 Thus, the number of acquisition cycles is another important feature in the background subtraction procedure since few cycles result in highly noisy voltammograms while a larger number of cycles results in a smaller analytical frequency. Figure 4 presents the effect of the number of cycles on the peak signal for Trp determination (50 µmol L -1 ) at a CF-UME pretreated by the Hernández et al. 46 procedure at 70 V s Due to limitations of the equipment in relation to the pre-established experimental conditions, the maximum limit was 200 cycles and the minimum was 150 cycles.
With decreasing of the number of cycles from 200 to 150, there is a discernible increase in the analytical signal of the irreversible peak currents at 0.8 V. However, with less cycles, it was noticed an increase in the noise. Thus, further studies were performed using the average of 200 cycles and step potential of 33.41 mV.
Scan rate optimization
The investigated range of scans is rather narrow due to instrumental limitations in data acquisition, since it is necessary to work in relatively wide potential interval, using high scan rates and density of points for a proper resolution. This set of conditions limits the equipment capacity in acquiring data in a wider range of scans.
Regarding the scan rate, it is possible to observe that with higher scan rate, higher peak currents can be achieved, according to the data in Table 2 . Scan rates between 69.60 and 117.7 V s -1 were evaluated due to both peak definition and instrumental limitations.
The electrode radius after electrochemical treatment was calculated according to the equation under Table 2 . Sometimes, the fiber is not so uniform in size. So, maybe, this is the explanation for the electrode radius three times higher than its nominal value, in which an unusual fiber size was used to manufacture the electrode.
Considering the sensitivity and speed of the analysis, the use of 117.7 V s -1 scan rate would be more advantageous in analytical frequency terms. However, Figure 5 suggests an increase in the noise with the scan rate.
Regarding the Trp oxidation peak at 0.8 V (vs. SCE) and the noise between 1.0 and 1.25 V (vs. SCE), the signal-to-noise ratio was measured as 11, 4.8 and 4.7, for curves in Figures 5a, 5b and 5c , respectively. This can reach a signal-to-noise of 1.8 if one considers the noise at scan rate was chosen, presenting similar sensitivity, however with lower level of noise in relation to the higher scan rates, without significant loss of peak current intensity.
Trp analytical curve using FSV and the optimized parameters
Once the experimental and instrumental parameters for data acquisition were established, three analytical curves were obtained for tryptophan between 30 and 300 µmol L -1 , using three different pretreated CF-UME by the Hernández et al. 46 procedure. The results are presented in Table 3 .
The apparent radius of CF-UME was estimated by cyclic voltammetry between +0. ). It was observed a change in the sensibility and linear range with the electrode radius. However, all the electrodes presented linear response in relation to the concentration in the studied interval.
The LOD values were calculated using the relation LOD = 3s a /b, where s a is the standard deviation of the linear coefficient and b is the slope of the analytical curve, according to Miller and Miller. 56 Although CF-UME does not present linear response in concentrations lower than 30 µmol L -1 , the electrodes present the advantages of stability and linear response to higher concentrations of Trp. This is a useful advantage in analyzing samples containing high concentrations of Trp, as those in pharmaceutical formulations.
The experimental sensitivities (expressed by the b value in Table 3 ) of CF-UME of radius 5.41 and 13.4 µm were 18.9 and 26.9 times higher than the sensitivity calculated from the Randles-Sevcik equation for an irreversible system. 55, 57, 58 These results confirm that the electrochemical pretreatment has a differentiated effect in terms of sensitivity that depends on the area of CF-UME. However, the slope does not change significantly.
The voltammograms for the Trp solutions in different concentrations and the analytical curve obtained with one of the electrodes are presented in Figure 6a . In Figure 6b , it is possible to observe that the intercept value in the current axis is significant in relation to the values of current determined for any concentration in the analytical curve.
This can be related to the fact that the anodic current measured at +0.8 V (vs. SCE) had a contribution of the anodic secondary processes related to the product(s) of the Trp electrochemical oxidation, which occurs in potentials less anodic than of the irreversible peak in +0.8 V. This (Table 3 ). The analytical curve was obtained from current measurements in relation to the zero value of current and, therefore, without any baseline correction.
Commercial sample analyses
To verify the performance of CF-UME, the determinations of Trp in commercial samples were performed using the proposed voltammetric method under the previously optimized pretreatment adapted from Hernandez et al. Table 4 presents the pharmaceutical sample contents.
The obtained results using these conditions were compared with the labeled values and the values were determined by spectrophotometry, according to Table 5 .
For sample 4, a discrepancy was observed between FSV and UV methods. This fact is related to the presence of a yellow coloring in this sample which is visually perceived, even after dilution of the sample for analyses by FSV.
The presence of substances as buclizine chloridrate, L-lysine chloridrate and pyridoxine chloridrate seems not to provoke interference in the Trp determination using the proposed method. This happens because the sample 1 also contains these substances and the result obtained using FSV method for sample 1 was in a good agreement with that obtained using the spectrophotometric method. Moreover, a positive error was verified for sample 4.
Cysteine (Cys) voltammograms taken at CF-UME and FSV, under the same employed conditions for Trp analysis, showed that Cys does not interfere in the Trp signal even when both are mixed in 1:1 (mol mol -1 ). ; step potential of 33.41 mV; 200 consecutive cycles to calculate the signal average in phosphate buffer pH 7.4. (b) Analytical curve for Trp using CF-UME pre-treated by the procedure adapted from Hernández et al. 46 (FSV curves were obtained in similar conditions to the curves in Figure 6a ).
Fiorucci et al.
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Vol. 24, No. 8, 2013 The fact that the sample 4 contains a 0.13:1 mol ratio (mol mol -1 ) between Cys and Trp confirms that the first is not responsible by the highest error in the determination of Trp by the FSV method. The interference in sample 4 was thus attributed to the coloring agent.
Conclusions
The studies with CF-UME indicated that the electrodes are applicable in the determination of tryptophan only when the voltammetric measurements are carried out with high scan rates after previous electrochemical activation of these electrodes using adequate pretreatment.
The use of cyclic voltammetry in fast-scan mode (FSC) is essential for the establishment of a stable response for Trp. This is probably to minimize the effects of surface blockage that are caused by the electrochemical oxidation product of this analyte.
The application of FSV with CF-UME in the determination of Trp is also advantageous in terms of sensitivity as demonstrated by analysis of the results.
The presence of substances, that are usually found in Trp formulations, seems not to severely interfere in this procedure, except for the dye in sample 4.
